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Until fairly recent tinea the field of textiles has 
been primarily an art. Few attenpts have been nade to develop 
basic chenicalt physical or engineering concepts in order to 
establish general lavs for textiles. Today the development 
of many different nan-made fibers, each having individual 
properties, has served to awaken the interest of researchers 
in textiles. Perhaps in the near future the consumer will be 
able to specify exactly the properties desired and the manu-
facturer will be able to design and engineer a textile product 
to meet these specific requirements. However, at present the 
textile industry must still rely primarily on empirical 
relationships in the manufacture of its products. 
It is hoped that this thesis will be a contribution, 
however small, to efforts to transform the field of textiles 
from an art to a science. This thesis is concerned with the 
problem of analysing cotton yarn variation for the purposes 
of quality control comparisons. The techniques discussed and 
compared are not new, but their use is not universally accepted. 
It is hoped that this work will encourage a wider use of the 
methods discussed. Controlled laboratory techniques are 
interesting, but their value can only be adequately assessed 
under actual mill manufacturing conditions* 
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ABSTRACT 
In yarn manufacturing there appears to be no generally 
accepted method or technique for comparing yarns of varying 
counts for the purposes of quality control. l»ny textile 
researchers have done considerable work in an effort to solve 
this problem. The object of this thesis is to review the 
factors affecting cotton yarn irregularity; to discuss and 
compare various methods of determining the Degree of Perfection 
of cotton yarns; and, to investigate the possibility of using 
tho Degree of Perfection as a useful quality control measure. 
The factors affecting cotton yarn irregularity are shown to 
be the variation in the number of fibers per cross section of 
the yarn and the variation of Individual fibers themselves. 
The Degree of Perfection is defined as the ratio of the actual 
yarn variation to the minimum or Inherent yarn variation. 
The inherent yarn variation is not constant but Increases as 
the yarn count increases. 
The experimental portion of this work tested fifteen 
cotton yarns distributed representatively over a range of 
counts from coarse to fine. The Uster Evenness Tester and 
yarn single-strand-break-strength variation were used to 
determine actual yarn variation. When a yarn is perfect the 
value of the Degree of Perfection ratio is one. It was found 
that the Duerst method for determining Inherent yarn variation 
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gave higher values than the Enrick method. The break-test 
method for determining actual yarn variation gave erroneous 
results for the Degree of Perfection ratio even when yarns 
approximately at maximum twist as defined by Mr. Duerst were 
tested. Theoretically the break-test values should give the 
same results as the Uster variation values for yarns near 
maximum twist. The use of the Degree of Perfection ratio 
appears to be satisfactory for comparing yarns of different 
counts. If a desired ratio is selected for all yarns made in 
a mill, a formula can be evolved to compare actual yarn 
variation directly with a standard value. The formula includes 
the factor of Inherent variation and a sample derivation is 
explained. This would appear to be a useful quality control 
measure. 
The author felt that both Duerst and Enrick in their 
respective methods for determining inherent yarn variation 
neglected the factor of the variation of individual fibers 
themselves. The statistical derivation of minimum yarn variation 
by Dr. IBirtindale shows that this factor mathematically cannot 
be ignored. It is recommended that further research be 
conducted to determine If this factor of yarn Irregularity 
can be disregarded practically In determining the minimum 
possible yarn variation for cotton yarns. 
CHAPTER I 
INTRODUCTION 
In the period of continually increasing competition 
among textile mills since the close of the easy profit days 
of World War II, the problems of quality control have become 
paramount. Many mills are finding it necessary to use more 
scientific quality control methods in the manufacture of their 
products. To successfully compete many textile mills will 
require more adequate laboratory testing facilities and others 
must utilize the facilities they have to better advantage. 
This thesis will be concerned with only one, but an 
Important one, of the myriad of problems in cotton yam manu-
facturing. It should be the continuing goal of yarn mills to 
produce a yarn that can be made cheaper without lowering 
quality9 or that can be made of higher quality, thus command-
ing a premium price. In yarn manufacturing there appears to 
be no generally accepted method or technique for comparing 
yarns of varying counts for the purposes of quality control. 
It would be of great benefit to a yarn mill if a convenient 
and accurate system or method were available for comparing the 
processing efficiency of the various yarns being produced. The 
use of quality control is of little value if an accurate means 
of measuring quality is lacking. The ultimate aim in yarn 
manufacturing is to produce the most nearly perfect yarn 
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possible with due regard for the costs of production* There 
are available accurate means of determining the costs of 
production. What means are available to determine the degree 
of perfection of the product? In other words, how regular or 
uniform is one yarn being produced as compared to some other 
yarn of a different count? A comparison of different count 
yarns by a direct comparison of the results of strength, 
diameter* evenness or similar tests is not a valid comparison 
of their degrees of perfection* 
Assume a fine count yarn with a hundred fibers per cross 
section and a coarser count yarn with five hundred fibers per 
cross section* It is obvious that a variation of ten fibers 
per cross section will be a greater (five times greater) 
variation in the 100-fiber yarn than the 500-fiber yarn. 
However, the probability of a specific per cent variation in 
the number of fibers per cross section is greater for the 
100-fiber yarn. Therefore, a direct comparison of strength, 
diameter, number of fibers, or welght-per-unlt-length variations 
between two different counts of yarn is not valid unless a 
measure of the varying probability of the occurrence of this 
measured variation is considered* 
In order for a yarn manufacturer to utilize quality 
control measures In production there must be a valid method 
for quality comparison between yarns of varying counts* To 
make a valid quality comparison, the above-mentioned probability 
factor must be considered* Many textile researchers, such as 
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Dr. J. 0. Martlndale and Mr. John Duerst, have done considerable 
theoretical analysis and practical experimentation in an 
effort to arrive at a solution to this probltn. 
The object of this thesis is to review the factors 
affecting eotton yarn Irregularity; to discuss and compare 
various methods of determining the degree of perfection of 
cotton yarns; and,to investigate the possibility of using the 
degree of perfection as a useful quality control measure. 
Factors Affecting Yarn Irregularity.—Before attempting to 
arrive at a solution to the problem of measuring yarn uni-
formity, the factors that affect the evenness properties of 
yarns must be determined. What is cotton yarn irregularity 
and vhat are the factors that affect this irregularity? Cotton 
yarn irregularity means that the yarn is not uniform, but is 
uneven or variable in some manner or degree.This irregularity 
is manifested by a variation in the appearance of the yarn in 
the cloth; by a variation in the color or shade of the dyed 
yarn; by a variation in the breaking strength, elongation, 
diameter, yarn number, turns-per-inch, or weight*per~unlt-length 
of the yam. 
It is essential for an understanding of yarn irregularity 
that these various manifestations of Irregularity are not 
confused with the factors causing the irregularity. The above 
mentioned manifestations are the effect or the result of 
variation in the factors affecting or causing the yarn ir-
regularity. These manifestations are the visible means by 
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which yarn irregularity is usually denoted and they are not 
the factors or causes of the irregularity itself. Thus, the 
aethods or techniques of comparing yarns of varying counts 
solely on the basis of some physical test of variation are 
invalid. In other words, it Is Incorrect to say that a 100's 
yarn with some physical variation measurement of 75% is a 
poorer yarn comparatively than a 10*s yarn with a variation 
of 25%. 
If an absolutely perfect staple yarn could be produced, 
it would have to have certain essential characteristics. 
Assume that the individual staple fibers were all exactly 
alike in every respect. Assume further that a hypothetical 
processing system was capable of producing a yarn so that at 
any point along its length where an Individual fiber ended, 
another fiber exactly took its place. If this perfection could 
be achieved, the final yarn would have exactly the same number 
of fibers per cross section at any point along the yarn. This 
perfect yarn would have no variation in weight per unit length; 
turns per inch, diameter, or strength. Of course this perfect 
yarn could never be achieved as nature has yet to produce 
perfectly identical staple fibers and the textile machinery 
manufacturers will probably never achieve the hypothetically 
perfect processing system. 
The very manner in which the fibers are presented to a 
mechanical yarn processing system prevents the manufacture of 
a hypothetically perfect yarn. The fibers are presented to 
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the processing system in a random manner 9 and this random 
distribution can only be Impaired, not improved, by the pro-
cessing. This means that each fiber has an equal chance to be 
selected at a given moment to begin the yarn manufacturing 
process. In actuality the properties of the staple fibers 
vary, and regardless of the perfection of the machinery the 
yarn must vary. This yarn variation at a minimum will be a 
measure of the random variation of the fibers initially. 
Therefore, it can be seen that fundamentally there are 
only two factors affecting cotton yarn irregularity: the 
variation in the number of fibers per cross section of the yarn, 
and the variation of individual fibers themselves. This 
statement has been determined and verified many times by the 
experimental work and theoretical analysis of researchers in 
the textile field. The peculiarities of nature are responsible 
for the variation in the individual fibers. The peculiarities 
of the mechanical processing system used are responsible for 
the variation in the number of fibers per cross section of the 
yarn. 
Random Fiber Arrangement Theory.—Nov that the two basic 
factors affecting yarn irregularity have been established, it 
is important to enlarge the discussion to a brief consideration 
of the manner in which these factors vary at a minimum. The 
variation in the number of fibers per cross section of the yarn 
is one of the two basic factors of yarn irregularity. It has 
just been stated that this variation is due to the peculiarities 
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of the mechanical processing system used* Regardless of the 
mechanical design, use, or condition of the equipment in a 
yarn processing system, there will always be an Inherent var-
iation in the number of fibers per yarn cross section, or in 
other words, a minimum variation caused by the random arrange-
ment of the fibers in a yarn. 
Mirtlndale (1) has shown that "with any preparation, 
drawing, or spinning machinery in use at the present time, the 
best that can be done is to arrange the fibre ends in a random 
order in the sliver, roving, or yarn." This is because 
the original presentation of the fibers to the first machine 
in the yarn manufacturing process is a random presentation, 
i.e., any fiber in the total lot is equally likely to appear 
at any point of a sample cross section, and no matter how 
perfect the succeeding machinery, this random presentation can 
not be improved. The best that machines can do is to preserve 
the same fiber order in delivery as was fed initially. This 
assumes that the machines will have complete control over 
each fiber during the drafting processes. This perfect control 
is not obtainable, and thus the random variation will In 
practice be Impaired rather than improved. 
At this point a question might arise concerning the 
effect of doubling on yarn variation. Doubling will decrease 
the overall yarn variation, i.e., the actual total yarn var-
iation value. However, doubling will not decrease the random 
variation, i.e., the minimum possible yarn variation value. 
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To decrease the random variation the doubling procedure would 
require a theoretical power of selectivity that Is presently 
Impossible* Such selective doubling would require the match-
ing of cross sections of silver and roving so that the resultant 
sum of the fibers In each cross section would be constant or 
at least less than the random variation. 
Assuming that there Is no variation among the Individual 
fibers, Martindale {2) has statistically calculated the var-
iation due to random variation of the number of fibers per 
yarn cross section, using the theory of probability as follows: 
The probability of a fibre crossing a given section in 
a yarn is proportional to the length of the fibre. Con-
sider first therefore, a yarn made from K fibres all of the 
same length. Each fibre has the same chance of crossing 
any section of the yarn and although in a large bulk of 
yarn this chance will be small, it still exists as the 
fibre must appear somewhere in the length of yarn made. 
If p is the probability of a given fibre crossing a 
certain section, and q is the probability of its failing 
to do so, p • q - 1, where p Is very small compared to q. 
If the average number of fibres per cross-section of yarn 
equals n, then p « n/H. 
The probabilities of N, (N-l), (N-2) ...3, 2, 1 fibres 
all of the same length crossing a given section of the 
yarn are given respectively by the successive terms in the 
Binomial expansion of (p + q) . When p is very small, 
this Is the well-known Polsson distribution. The distri-
bution of fibre number between the various cross-sections 
of the yam is described by this distribution which there-
fore determines the irregularity of a yarn made up of a 
random arrangement of fibres of equal lengths. From the 
known characteristics of a Polsson distribution it can be 
stated that if the average number of fibres per cross 
section = n, the standard deviation of the number per 
cross section 6̂  = \fn • 
(Writer's note; The Polsson distribution is a special 
case of the binomial distribution. Statistical theory 
shows that an important property of the Polsson distri-
bution is that its variance is equal to its mean, or in 
other words, standard deviation equals the square root of 
the mean.) 
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Suppose, now, that the fibres in the yarn are not all of 
the sane length but that fibres of lengths ll9 1«, la, 
...lri ...1- all occur and that the average number ox 
these per cross section is respectively n«, n2» n^9 
. ..nr •••nl|» then the average total number of all fibres 
per cross section n =In r. 
If each group of fibres of the same length is regarded 
as forming a separate tenuous yarn and these yarns have 
standard deviations of fibre number per cross section 
07 . <rz # 6"3 ••• <v ••• <5"m respectively, then 
(Tjrn^, &z ~ ^p ô  : ttg • • • 6'rrnr.,#6^znm 
If these are imagined as being randomly doubled to-
gether to form the complete yarn with standard deviation <^ 
then <5"n = 1 ̂  = I nr = n 
.'. (Tn = \/r\ (1) 
Thus the standard deviation of the number of fibres per 
cross section is still y/li and is unaffected by the length 
characteristics of the fibres. 
Equation (1) therefore holds lor a yarn made up of fibers 
randomly arranged regardless of fiber length or distribution, 
provided that measurement is made at points separated by a 
distance greater than the length of the longest fiber* 
It has been previously stated that the only two funda-
mental factors affecting yarn cross section variation or 
irregularity are tie variation in the number of fibers per yarn 
cross section and the variation of Individual fibers. Weight-
per-unit-length has been selected as the term to express the 
measurement of these variations. In the case of cotton fiber 
variation the weight-per-unit-length is a better measure than 
cross section area or diameter because the latter are not 
necessarily definite quantities. The same reasoning holds 
true for the yarn variation. 
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As a Beans of verification, MSrtlndale (2) has written: 
It is well known that any product of drawing or spin-
ning machinery varies in weight per unit length froa one 
point to another. In the case of yarns this causes varia-
tion in turns per inch of twist, variation in diaaeter 
and variations in strength, but these are ail somewhat 
secondary effects brought about by variations in weight 
per unit length due to the irregular arrangement of the 
fibres composing the yarn* 
Spencer-Salth (3) stated; 
The levelness or regularity of a yarn depends to a 
great extent upon the characteristics of the systea by 
which it was produced, but...no natter how perfect the 
systea may be, yarn produced by the standard Methods of 
doubling and drafting slivers cannot be more regular than 
a similar yarn in which the fibres are arranged at random 
along its length. The Irregularity of weight of such a 
yarn was shown to depend only upon the mean number of 
fibres in a cross section of the yarn. 
Also, Townsend (4) has reported that: 
For fundamental analysis of yarns and drafting pro-
cesses., .the most Important property of a yarn is the 
number of fibres per cross section, and the variation of 
this nuaber along the yarn is the most fundamental measure 
of Irregularity* Moreover, assuming uniform density and 
diameter of the fibres, the variation in the number of 
fibres per cross section is equal to the variation of 
weight per unit length, which is much more easily deter-
mined in practice than the variation in the number of 
fibres per cross section.•.In view of the Importance of 
this factor for theoretical reasons, and also because it 
seems likely that variation of fibre number will be 
closely related to the appearance of irregularity of a 
yarn in fabric form, the variation of fibre nuaber, or the 
associated variation of weight per unit length is a con-
venient and basic measure of yarn irregularity with which 
other methods of measuring irregularity can be compared. 
It has been shown that the standard deviation of the 
nuaber of fibers per yarn cross section area due to a random 
arrangement Is: 6~n-\fiT , where n is the mean number of fibers 
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per yarn cross section. How it remains to apply this infor-
mation to detemine the minimum variation of the yarn per 
cross section9 i.e., the variation due to random fiber 
arrangement. Let: 
a = yarn mean weight per unit length 
$a s yarn standard deviation 
CVa = yarn coefficient of variation 
w a fiber mean weight per unit length 
^ = fiber standard deviation 
CV*r fiber coefficient of variation 
11 z mean number of fibers per yarn cross 
section 
6̂  = standard deviation of the number of 
fibers per yarn cross section 
Consider the effect of the two yarn variables separately. 
Assume that the fibers were uniform and had a mean weight 
value V. Then the yarn standard deviation would be due entire* 
ly to the variation in the number of fibers and would be: 
Therefore the variance of the yarn welght-per-unit~length 
would bet 
By definition variance is the square of the standard deviation. 
Now assume that the number of fibers-per~unit-length 
of yarn is constant and equals n. Then the variance of fiber 
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weight-per-unit-length is o^z , and n of these fibers form a 
yarn unit length with variance* 
By statistical definition when Independent variable factors 
operate simultaneously the resultant variance is equal to the 
sun of the variances of each of the factors operating separately* 
Therefore, the sunmatlon of the variances of the two factors 




»a - ua * ,uu ^vw 
a2 **" 
: _ _ _ _ , n . , . n - — - : • • • • - • - . : • - - — • • • • • : - - - : w 
CV is the coefficient of variation of the most perfect 
yarn that can be made on perfect nachlnea which do not perform 
any operations which tend to decrease random variation. All 
doubling and drafting operations do not selectively double 
every thick place with every thin place or draft every thick 
place more than every thin place* Therefore, the Irregularity 
due to randoB variation is the minimum possible irregularity 
and the coefficient of the limit or minimus variation per unit 
length according to Xartindale (2) will be: 
CY(llmlt) = \/j22? + o £ (4) 
V n n 
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Degree of Perfection,—The implications of formula (4) are 
important. The number of fibers per yarn cross section de-
creases as the cotton yarn counts increase f and thus the 
coefficient of random variation will increase as the counts 
increase. The actual yarn variation always includes the var-
iation due to random fiber arrangement. To directly compare 
the actual variation of a fine count yarn with a coarser 
yam is to neglect the fact that the inherent or random yarn 
variation is a varying quantity, 
various textile researchers such as Tenmerman and Her-
manne (5), Enriek (6)» Duerst (7) t and others have offered 
solutions to the problem of comparing yarns of various counts. 
In general the various solutions agree that yarn variation 
comparisons should be based on the Degree of perfection of the 
yarn. The Degree of Perfection is defined as the ratio-of the 
actual yarn variation to the minimum or Inherent yarn var-
iation. Therefore, it can bo said that: 
Degree of Perfection = C T ( a c t u > 1 ) (5) 
CV(limit) 
If yarns of varying counts are compared on the basis of formula 
(5), the comparison is valid. 
How that the factors affecting yarn irregularity have 
been determined and a formula evolved for a valid comparison 
of varying count yarns for the purposes of quality control, 
the problem remains to determine a suitable means for measuring 
the actual and inherent yarn variation. Enriek (6) has 
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proposed the following nethod to measure yarn variation. 
By definition the count of a yarn on the cotton systea 
is the reciprocal of the weight in pounds of 840 yards of the 
yarn. The count of a given yarn will vary in inverse pro-
portion to the variation in weight-per-unit-length along the 
yarn. It xs obvious that the weight-per-unit-length of a 
yarn will be the sua of the weights of the Individual fibers 
in that length. Assuming that there is no variation in the 
weights of the individual fibers, then the variation in weight-
per-unit-length of a given yarn is directly proportional to 
the number of fibers in that length. Mean fiber weight-per-
unit-length (average linear density) is usually expressed in 
itticrograsss-per-lnch. Convert the units of the cotton counts 
to grass and inches ands 
Counts = MyirdiTir T .L(inches) x 45^.8 — 
f(lbs) x 840 " f(grama) x 38 x 840 
Then the weight-per-unit-length of a given count yarn is: 
«.#.* A. ,_* 0.0150 
W/t(gra*s/inch) = counts 
The mean number of flbers-per-unit-length of yarn is: 
_ W/L(grams/inch) of the yarn 
n " W/Ugrams/inch) of the fibers 
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Continuing the assumption that there is no significant vari-
ation in mean fiber weight, formula (4) for the coefficient of 
minimum yarn variation becomes $ 
erutait) *m (7) 
Combining equations (6) and (7): 
CV(limit) • 0.82Vyarn count x fiber weight (micrograms) (8) 
The Sheffield Micronaire fiber "fineness" value is 
used by Enrick (6) to determine the Bean fiber weight. Un-
less certain liaitations on the applicability of the Micro-
naire readings are observed, the use of these readings in 
fornula (8) will not necessarily be a valid measure of the 
aean fiber weight although the readings may be satisfactory 
for practical use. These liaitations will be explained later. 
The actual yarn variation, CV(actuai), is measured by any 
electronic tester such as the Uster Evenness Tester which 
measures yarn weight-per-unit-length variation. Therefore, 
Enrick's (6) solution to measuring the Degree of Perfection 
of cotton yarns 1st 
Degree of Perfection - CV(actual)— ( 9 ) 
0.82 Vets x I 
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where: 
cts = yarn counts (cotton system) 
P = Micronsire fiber fineness reading 
CY(actual) s Variation value from electronic tester 
Fiber Fineness.—Before proceeding further some of the limita-
tions of the Microns ire readings should be discussed. Fiber 
fineness may be determined either by fiber diameter or fiber 
welght-per-unit-length measurements. To determine cotton 
fiber fineness by diameter measurement is of little value 
because cotton is a hollow fiber and its properties depend not 
only on its diameter (which is not circular) but on its wall 
thickness compared to lumen (the hole) thickness. Therefore9 
cotton fiber fineness is usually determined by the fiber mean 
weight-per-unlt-length (expressed in micrograms-per-inch) 
which im a more definite quantity. ;.,.—.------—-.---ir-:r~r~ 
The fiber weight-per-unlt-length (array method) (8) 
using an instrument such as the Suter-Webb Duplex Cotton Fiber 
Sorter is probably the most accurate means of determining fiber 
fineness directly. However, this method is extremely time 
consuming and except for research is not suitable for pro-
duction control measurements. The Sheffield Micronalre 
measures fiber fineness by employing the air-permeability 
principle. Its use is rapid# simple, and suitable for quality 
control procedures* As a result of research by the 0. S. 
Department of Agriculture (9) (10) (11) special scales for the 
/ 
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Mlcronaire have been developed to give readings directly in 
micrograms per inch (nean fiber weight-per-unit-length). Only 
two scales have been developed so far and they are for American 
Upland and American Egyptian cottons. If fineness of other 
botanical types of cotton is to be measured on the Mlcronaire, 
the use of the Causticalre scale and method is recommended. 
The use of the proper scale on the Mlcronaire is important 
because the relationship between air permeability testing and 
actual mean fiber we ight-per-unit-length is curvilinear. 
Whenever mean fiber weight-per-unit-length (fiber fineness) 
is determined using the ficronaire, the above limitations 
should be considered for their effect upon the accuracy of 
the results. 
Hexagonal giber Pattern Theory.—John Duerst, research engineer 
for Coats % Clark, Inc., bam worked £or about twenty years on 
his Hexagonal Fiber pattern Theory in an effort to explain all 
of the many peculiarities of yarn manufacturing in terms of a 
single theory. Duerst has also arrived at a solution to the 
problem of comparing yarns of various counts for the purposes 
of quality control. The writer will attempt to explain here 
only those portions of the Hexagonal Fiber pattern Theory that 
have a direct bearing upon yarn variation comparisons. 
Duerst*s (12) ideal yarn cross section assumes cotton 
fibers of circular trow sections forming concentric circular 
layers about an imaginary yarn center. This will form a hex-
agonal yarn cross section of "n" concentric fiber layers. When 
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twist is imparted to the yarn, its cross section approaches a 
circular shape, but the basic hexagonal distribution of fibers 
remains., It is realized that cotton fibers are not all perfect 
cylinders, but Duerst has theorized that the practical yarn 
cross section will have a negligible variation from the ideal 
cross section in its effect upon the practical yarn calculation 
formulas that he develops from this basic assumption. 
By the lav of arithmetic progression the number of 
fibers per yarn cross section can be calculated from the hex-
agonal fiber pattern arrangement. A hexagon is composed of six 
equal triangles* The sum of the fibers in one triangular 
segment of the hexagon is: 
n (n 4 1) 
2 
(10) 
where: n r number of concentric fiber layers 
one fiber « equivalent number of fibers in the 
first layer of the triangle 
one fiber r common difference between concentric 
fiber layers of the triangle 
therefore, the total number of fibers in a yarn cross section 
is: 
S * 6n <g + X> (11) 
where: 8 z total fibers per yarn cross section 
Duerst (12) then states that, "In the past it was 
commonly accepted that an average grade of American cotton 
would show approximately 3000 fibers per cross section of a 
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No* 1*0 yarn* Bgyptian cottons being much finer were aceepted 
to count 3200 fibers per cross-section of a Wo* 1*0 yarn." 
The writer found this statement to be concurred in by Locher 
(13). Also, from the above information the ayerage fiber 
weight in micrograms per inch can be calculated as 5*0 for 
American and 4*7 for Bgyptian cottons* Then it can be said 
that the fiber weights are inversely proportional to the fibers 
per cross section of No* 1*0 yarn* 
However, it has been found that the average Micron*ire 
value (F) for American cottons is about 4.0, and for Bgyptian 
cottons about 3*5* Assuming an expotential relationship be-
between fiber weight and number of fibers per yarn cross section 
and using Micronaire (F) values: 
3200 _ iw-m <12) 
wherei W s Micronaire reading average American cotton 
Fj = Micronaire reading average Bgyptian cotton 
which gives a value for the expotential constant of approxi-
mately one-half (0*5)* Then: 3000 YT~ equals 6000 for a 
No* 1 yarn when F equals four* and as the total number of 
fibers per yarn cross-section (S) decreases linearly as the 
cotton counts increases 
6000 
VF x cts (13) 
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where: 8 « total number of fibers per yarn cross-section 
F = Mieronaire reading 
ets = Average cotton yarn counts 
Combining formulas (11) and (13) t 
How if Hurt is the number of fibers per yarn cross-section 
diameter, then "u* equals "2n" and formula (14) becomes 
* * V 1 * Vf^cts - 1 < W 
where F = Hicrcnaire scale reading 
ets s Average cotton yarn counts 
Figure 1 is a sketch of Duerst's Idealised yarn cross-section 
and formula (15) is the "common denominator" of all Duerst's 
subsequent yarn calculations • 
For yarn variation evaluation Duerst (7) states that 
the limit of perfection of a hypothetically perfect yarn 
consists of one fiber variation per cross section diameter. 
This one fiber difference between high mean and low mean 
cross section diameters is the limit of perfection in any 
fibrous strand of sliver, roving, yarn, or thread. Q*e 
fiber after all is the smallest unit of change. While 
this one fiber difference is good for diameters only, we 
will readily understand that this fiber per cross section 
diameter means the difference of a whole layer of periphery 
fibers of a strand* 
20 
Idea l i zed Shape of a Yarn Cross Sect ion 
Number of Concentr ic Layers = n 
Figure 1 . D u e r s t ' s Hexagonal Fiber Pattern 
21 
Therefore: 
(*1 - wo) 
CV = u
 1 0° <16> 
wheret CV • coefficient of variation of yarn 
u« s high mean number of fibers per cross section 
diameter 
u2
 s low mean number of fibers per cross section 
diameter 
u z average number of fibers per cross section 
diameter 
The Degree of perfection was previously defined as the 
ratio of the coefficient of actual yarn variation to the 
coefficient of the limit of perfection. From Duerst's 
definition CV equals CV(limit) when (ux - u2) equals one. 
Therefore, formula Ib^l&tmiM^-..^^.^^^ 
Degree of Perfection s (uL - u2) (17) 
and: CV(llmit) - 255 (18) 
In discussing the subject of yarn variation with the 
writer, Mr. Duerst has proposed that any mill could determine 
the actual coefficient of yarn variation from simple single 
strand break-tests without the need tor elaborate electronic 
testing equipment by using his theories$ and the formulas 
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derived therefrom. Then by calculating the coefficient of the 
Unit of perfection as described a bore, the Degree of Per-
fection can be determined and the result used for quality control 
determinations. 
Duerst(14) has written that there are four main factors 
responsible for yarn strength: individual fiber strength, 
fiber surface frictions1 strength, number of fibers per cross 
section, and the degree of intertwining force imparted to the 
yarn by twisting. For a yarn to break when tension is applied, 
one of two things must happen* Either the individual fibers 
at the point of break will slip past each other or the fibers 
themselves will break. Uusually both things will occur 
simultaneously in varying degrees. 
Staple yarn would not exist if there were no frlctlonal 
forces active and latent. Jtp hold the fibers together to form 
a yarn or to resist an applied force attempting to break a 
yam. Also, it is an accepted fact that when a yarn is broken 
in many places along Its length the individual break strength 
values vary. The theoretical strength of a yarn is obtained 
when the fibers in a given eross section all break when tension 
is applied to the yarn and none of the fibers slip. Assuming 
each fiber develops equal frlctlonal force, the absolute 
break strength of a yarn would occur when the sum of the 
developed fiber frlctlonal forces at the yarn-break cross 
section is equal to or greater than the sum of the individual 
I 23 
fiber strengths in the cross section. Absolute yarn strength 
can never be achieved because all the cross section fibers can 
not develop their full potential frictional forces. Duerst (15) 
has shown that those fibers on the periphery of the strand 
which are partially exposed develop only about one-sixth of 
their potential frictional force. 
Brandt (16) has experimented on the effect on yarn 
strength of varying twist at varying yarn counts. The results 
shoved that yarn strength varies approximately parabollcally 
as twist increases for a given count yarn. For coarse yarns 
the strength Increases rapidly as twist increases to a point 
of maximum strength and then decreases gradually in strength 
as twist continues to increase. The reverse is true with fine 
yarns. 
How; a.ssujMB a jparn spun at maximum twist, i .e., the 
point of maximum strength. With this condition the yarn 
break-strength will be directly proportional to the number of 
fibers per cross section. If the yarn is spun at other than 
maximum twist, the relationship between the number of fibers 
per cross section and the yarn strength becomes sore compli-
cated and will have to include some factor for the parabolic-
shaped relationship between twist and strength. 
The experimental portion of this thesis is concerned 
with comparing the various methods of determining the Degree 
of Perfection of cotton yarn manufactured with a quality 
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character1stle of maximum strength. Thus, the experimental 
yarns used should be at or near maximum twist. Gregory (17) 
statess 
The question of whether or not the weakest places in a 
yarn are the thinnest will obviously depend upon the 
average twist of the yarn* for a fully twisted yarn, the 
Influence of twist is secondary in importance to that of 
weight in defining the strength of yarn elements...It is 
therefore highly probable that the thick places, although 
not developing their full strengthf are considerably 
stronger than the thin places. 
If actual yarn variation is directly proportional to 
yarn break-strength variation for yarns spun at or near maximum 
twist, then the Degree of Perfection could be calculated using 
the coefficient of variation of yarn break-strength as CV(actual) 
and dividing it by formula (18) as advocated by Chang (18), 
and the result should be the same as that obtained from an 
electronic tester such as the Uster for measuring yarn 
variation* 
Summary.—The factors affecting cotton yarn Irregularity have 
been reviewed and shown to be in the final analysis the vari-
ation in the number of fibers per cross section of the yarn and 
the variation of individual fibers themselves. The meaning, 
derivations, and methods of measuring the Degree of perfection 
of cotton yarns have been discussed. 
The experimental portion of this thesis is concerned 
with a comparison of these various methods of determining 
the Degree of Perfection, first, it will be determined from 
1 
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Mftrtind*le*8 random fiber arrangement theory with Snrlck*s 
method for determining the CV(limit) and the Hater electronic 
evenness tester for determining the CV(actual). Then the 
Degree of Perfection will be determined from Duerst's hexagonal 
fiber pattern theory using single-strand breaking-strength 
variation values to determine CV(actual) and Duerst's method 




IKSTRUMKFTATIOH AHD EQUIPMENT 
The experimental portion of this work utilized two 
major pieces of standard textile testing equipments the 
Suter Single 8trand Tester and the Uster Evenness Tester 
(Model B) . In addition, a standard cotton yarn reel and a 
Christian Becker Chainomatie Balance were used. 
Suter Single Strand Tester.—This instrument is a low capacity 
vertical pendulum type machine for testing yarns, and is a 
standard item of equipment in most yarn testing laboratories. 
The machine simply determines the elongation and breaking 
strength of the yarn between the jaws, and does not have an 
autographic attachment. Haven's "Industrial fabrics Hand-
book" (19) gives a complete description of the machine. 
In the single strand test...the jaws of the machine may 
be flat grip, capstan, drum, or any other device which 
does not have more than 25% of the specimens breaking 
within $ inch of the jaw; specimens which break within 
j inch of the jaw are discarded. The speed of the lower 
jaw is 12 _• 1/16 inches-per-mlnute. (20) 
The capacity of the single strand tester used is up to 
twelve pounds. If no additional weight Is attached to the 
pendulum, the breaking strength is read in grams (up to 500 
grams). If a gretktmr capacity is desired, the two-pound or 
twelve-pound weight may be attached to the pendulum. The 
allowable capacity of the machine is considered to be the 
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dial readings included between a nine to forty-five degree 
siring of the pendulum* If these precautions are observed in 
operating the single strand tester, the breaking strength 
results will be as accurate as can be obtained on this type of 
machine• 
Uster Evenness Tester,—The Uster Evenness Tester is a com-
pletely electronic instrument for measuring variation in 
uniformity of sliver, roving, or yarn. The tester is manu-
factured by Zellweger, Ltd., a Swiss firm, and sold and 
serviced in the United States by the Uster Corporation. 
The Uster Evenness Tester consists of three separate 
basic units. These are the Tester itself, the Integrator, 
and the Recorder* The Tester is a cabinet-enclosed unit that 
contains a complete electronic system for measuring the amount 
of variation in weight-per-unit-length of yarn, roving, and 
sliver* It is equipped with a sensitive meter that visually 
indicates Instantaneously and directly the percentage variation 
from the mean. There is an eight-slot measuring head on the 
Tester, and each slot contains the plates of an electrical 
capacitor whose dielectric is partly air and partly the 
material passing through the plates. The capacitor plates in 
the measuring head are connected to one of two oscillators in 
the electronic system. One oscillator operates at a fixed 
frequency and the other varies in accordance with the vari-
ation in the mass of material passing through one of the slots 
•* 
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in the measuring head. The electronic system in the Tester 
then detects, converts, and suitably amplifies the outputs of 
the two oscillators to give a direct and instantaneous linear 
percentage variation reading on the meter on the face of the 
Tester. The Tester is a direct indicating instrument and 
contains no averaging circuits* It is extremely difficult 
to take accurate readings from the Tester meter because of the 
difficulty of setting the meter reading initially to zero 
percentage variation. 
To overcome this difficulty the other tvo basic units 
are furnished with the Tester and are connected to it and to 
each other by electrical cables. The Recorder graphically 
records the linear percentage variation continuously and the 
charted results may be manually analyzed to determine the 
average percentage linear variation. The third basic unit, 
the Integrator, permits direct readings of the average vari-
ation. There are two types of Integrators and either one may 
be used in conjunction with the Tester. The Linear Integrator 
determines the average percentage linear unevenness, and the 
Quadratic Integrator Indicates the percentage coefficient 
of variation of the material tested. Both of these Integrators 
have an unvarying time constant of two and one-half minutes. 
This means that any Integrator reading, properly corrected. 
Is the average linear percentage unevenness or the 
coefficient of variation for the preceding two and one-half 
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minutes of material that passed through the Tester. The 
Tester is equipped to provide material speeds of 2, 4, 8, 
25, 50, and 100 feet per minute. The speed of the material 
through the Tester determines the test length of the material 
corresponding to the Integrator reading. 
The Integrator consists of two scales, the Unevenness 
scale and the Average value scale. For any section of 
material tested, the Unevenness scale represents only the 
magnitude of the variations in weight; the Average Value 
scale represents the average weight. To get the per cent 
unevenness, therefore, the amount of variation must he 
divided by the average weight. The unevenness scale is 
so calibrated that whenever the Average value scale 
reading is "0" the value read from the Unevenness scale is 
identical with the per cent unevenness. 
However, whenever the average weight results in a 
plus or minus Average Value scale reading, the valua read 
from the Unevenness scale must be divided by that average 
weight before a true percentage value can be obtained. (21) 
A knowledge of the actual values represented by the 
various divisions on the two scales of the Integrator is 
required to perform the calculations necessary for determining 
the true percentage variation. To obtain this value with the 
least amount of calculation, the Uster Corporation has pre* 
pared a table of correction factors. This is merely a table 
of reciprocal values corresponding to the various average 
weights. The Integrator operator reads the division of the 
Unevenness Scale on the Integrator corresponding to the set-
ting of the scale selector control knob on the Tester. At 
the same time, the Average Value scale on the Integrator is 
read. These two values are used to determine the correction 
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factor to use from the table* The unevenness value read 
Multiplied by the correction factor gives the true percentage 
variation value. 
for the experimental work of this thesis the Model B 
Uster Tester with the Linear Integrator was used. The Linear 
Integrator essentially determines the mean deviation (some-
times called the average deviation) of the yarn weight-per-
unit- length expressed as a percentage of the mean weight. 
From statistics it is known that the nean deviation value is 
only 0.7979 as large as the standard deviation value for a 
normal distribution. (22) Therefore, the CV(actual) values 
required for determining the Degree of Perfection will be 
1.25 times as large as the Linear Integrator Values (U%) . 
This explains the difference in the values obtained by the 
Uster Linear *nd Quadratic Integrator*. The Uster Corporation 
(23) states that the Quadratic Integrator value is approxi-
mately twenty-five per cent greater than the Linear Integrator 
value. 
The instructions for properly operating the Uster 
Evenness Tester and the Linear Integrator are contained in 
the Uster Corporation "Instruction Book for the Uster Evenness 
Tester Model A, B" (23), and the Zellweger uster "Operating 
Instructions for the Uster Integrator, Type 1TGL." (24) 
Both manuals contain the operating Instructions in detailed 
fora and are furnished with the instruments. Testing must 
* 
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be conducted in a laboratory maintained at standard conditions. 
The dielectric constant of the material passing through the 
external capacitor plates must remain constant for all tests 
run or the values obtained will not be valid. A vide variation 
in the moisture in the yarn tested will vary the dielectric 




Deternining the Number of Tests Necessary.—At the beginning 
of any experimental work the question of the number of samples 
to be tested always arises. The experiaental work of this 
thesis is concerned with estimating soae characteristic such 
as the average breaking strength of a given count yarn. It 
is defiLitely impractical and frequently impossible to determine 
the actual value of the characteristic. Instead, a limited 
number of tests are conducted (in this case on a bobbin of a 
given count yarn) and the value of the characteristic is 
estimated within certain limits. It is obvious that such a 
procedure will not necessarily give the desired answer every 
time* Therefore, when experimental work is conducted it is 
essential to determine the probability that the value of the 
tested characteristic will be within certain limits of the 
true value, and how many tests should be made to determine 
this estimated value. 
The use of statistics will solve this problem once the 
engineer or researcher decides at what probability level he 
wishes to estimate that the mean of the test values will not 
differ from the true mean by more than some allowable sampling 
error. In this work a probability factor of 95 per cent 
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was selected as being accurate enough for most practical purposes. 
The allowable sampling error or percentage accuracy of the mean 
was selected as six per cent. Then from statistics (25) (26) 
(27) the number of tests to be made is determined by the 
formulaj 
n * (-—p—4 (19) 
where: n z number of tests 
C? » coefficient of variation percentage 
P a percent accuracy 
To determine the number of tests from this formula it 
is necessary to know the coefficient of variation percentage, 
partial preliminary testing plus any known information con-
cerning the material under test will provide a rough estimation 
of the coefficient of variation. This estimate can then be 
substituted in formula (19) and the approximate number of tests 
determined. By this method the tested value obtained should be 
within six per cent of the true value approximately 95 times 
in 100. 
Materials Used.—The testing materials used in the experimental 
work were manufactured by Coats and Clark, Inc., in their 
Georgia mills. The yarns were all combed cotton and ranged in 
size from 10 9s to 110 • s distributed representatively over a 
range of counts from coarse to fine. The yarns before manu-
facture were blended by Micronalre fiber fineness readings 
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(Upland Scale) with a mean fiber fineness value (Micron*ire) 
of 3.5 for Egyptian Cotton9 and 4.5 for American cotton. 
The tests were conducted on only one bobbin of each 
count yarn and therefore the variation values determined apply 
only to the bobbin tested. This was done purposely so that 
the variation values used in comparing the different methods 
of determining the Degree of Perfection would not be influenced 
by any variation that might exist between bobbins of the same 
count yarn. The description of these yarns is given in Table 1. 
Table 1. Description of Tarns Tested 
Sample Count Type of Staple Twist 
Cotton (in.) Multiple 
1-7/16 3.4 
1-1/8 














1 10*8 Egyptian 
- • - 23 tg American 
3 26 fs American 
4 30vs Egyptian 
5 38»s Egyptian 
6 44*8 Egyptian 
7 48*8 Egyptian 
8 56*8 Egyptian 
9 60'8 Egyptian 
10 66*8 Egyptian 
11 76*s Egyptian 
12 80*8 Egyptian 
13 80's American 
14 100*8 Egyptian 
15 110*8 Egyptian 
Experimental Method.—All testing was conducted in an air-
conditioned laboratory having standard atmosphere of 65 per 
cent relative humidity at 70 degrees Fahrenheit. The sample 
bobbins of yarn were first conditioned for two weeks (which 
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should Insure equilibrium). Each bobbin of yarn was slsed to 
determine the average yarn count by reeling 120-yard skeins 
and weighing the skeins on an analytical balance. A Minimis 
of three slslngs was made for each bobbin sample. 
Bach yarn was then broken using a Enter 8ingle Strand 
Tester described in Chapter II with a ten-inch jaw distance 
for all break-tests. Approximately one yard of yarn was 
removed from the bobbin between Individual break-tests. The 
testing precautions listed in Chapter II for single strand 
break-tests were observed. A minimum of forty break-tests 
was made on each bobbin. 
Each yarn sample was then tested on the Uster Evenness 
Tester equipped with the Linear Integrator as described in 
Chapter II. The testing procedures followed were as described 
in the "Instruction Book for the Uster Evenness Tester." (23) 
A material speed of four yards per minute was selected based 
on a consideration of the variance-length curve relationship 
in testing yarn irregularity. (27) Ten Integrator readings 
at 30-second Intervals were taken per bobbin tested for a total 
minimum of 28 yards of yarn tested per bobbin as recommended 
by the Uster Corporation. (27) 
For each of the tests outlined above the mean value 
was determined from the minimum number of tests specified. 
The percentage coefficient of variation was then calculated 
for the count determination and the break-strength tests, and 
the value obtained In each case was substituted in formula (19) 
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to estimate the correct number of tests to be made. The 
number of tests run in each ease was then adjusted if necessary 
so that the mean value used in subsequent calculations should 
be at least within six per cent of the true value 95 times 
in 100. 
Calculations.—The following statistical symbols and relation-
ships used are defined as: 
x s arithmetic sean = |£ (20) 
<r*« squared standard deviation « I(x2) - (Zx)2 (21) 
n 
n-1 
CT * coefficient of variation • f~\ 100 (22) 
where: 
x * observeoT"OT~ measured vsiue> - "~^ 
n s number of observations 
2. s summation or sin of 
These symbols and relationships have been used throughout the 
experimental procedure. 
From formula (19) the coefficient of variation per-
centages of the observed values must exceed the following 
values in each case before the minimum number of tests pre-
viously specified would be increased: 
CY(sized counts): 5.3 
CV(break tests) : 19.4 
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As specified in Chapter XX the following relationship was 
used in determining the CV(actual) from the Uster Linear 
Integrator values: 
CV(aetual) = 1.25 U% (23) 
where U% is the Uster corrected mean linear unevenness value. 
as discussed in Chapter I the Degree of perfection was 
calculated first utilising the theoretical work of lfertindale, 
and then utilising the theoretical work of Duerst. By 
definition from formula (5): 
Degree of Perfection = g g g ^ l (5) 
The following formula was used to determine CY(llmit) by 
Knriek's method: 
CV(limit) » 0*82 V yarn count z fiber weight (8) 
where fiber weight is taken as the average Xicronaire reading 
for the particular type of cotton being considered. The 
CV (actual) was determined from the Uster Evenness Tester. 
Using Duerst1s hexagonal fiber pattern theory the 
CV(llmit) was defined as: 
CV(limlt) « ~~ (18) 
where "u" equals the average number of fibers per cross 
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section diameter. Formula (18) was solved using formula (15) 
to determine the CY(linlt) as: 
CV( limit) = 100 (24) 
\/l 4 8000 - 1 
V ]/¥ cts 
Also using Duerst's theory the CV(actual) vas deteruined 
fro* the single strand break-tests as: 
CV(actuai) - CY(break-tests) (25) 
In the following chapter the calculations are summarised for 
comparison of the t̂ o different approaches to determining the 
Degree of Perfection of cotton yarns* 
CHAPTER XT 
RESULTS 
The sample mnber assigned to each different manu-
factured yarn count in Table 1 (page 34) has been used in all 
the other tables as the identifying symbol for the different 
tests and calculations made. The manufactured count of 
Sample 8 is less than Sample 9, but the actual yarn count 
determinations summarized in Table 2 show the reverse to be 
true. Also, the manufactured counts of Samples 12 and 13 are 
equal, but Table 2 shows that the actual count of Sample 13 
is less than Sample 12. 
Table 2. Summary of Tarn Count and Actual 
Tarn variation Determinations 
Sample Sized CV(actual) by Single CV (actual) by 
Number Counts Strand Break-Tests Uster Tester 
1 9 .3 5.53 9.59 
2 22.3 9.50 16.24 
3 26.6 9.70 15.06 
4 29.2 7.65 16.93 
5 37.6 9.56 17.21 
6 43.4 9.55 16.57 
7 46.9 7.28 17.62 
8 58.6 9.18 21.06 
9 56.2 11.87 19.00 
10 63.6 13.44 19.87 
XX 70.2 13.19 20.74 
12 76.4 18.03 25,97 
13 70.7 12.98 22.26 
14 95.9 14.28 22.48 
IS 111.0 17.51 25.74 
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The sample numbers increase as the manufactured yarn counts 
increase as listed in Table 1. In addition! it should be 
remembered that Samples 2, 3, and 13 were yarns made from 
American Upland cotton, while all the other samples were made 
from Egyptian cotton• As the fiber fineness values of these 
two types of cotton are not the same, a comparison of Samples 2, 
3, and 13 with the other samples tested requires consideration 
of this difference. These points of distinction are emphasized 
as they may not be readily apparent in the interpretation of 
the experimental results. The tables in the Appendix contain 
the individual sample results of the various tests conducted. 
The tables and figures in this chapter summarise the results 
of all tests in appropriate groups. The formulas used in the 
calculations are summarized in Chapter III and further explained 
in previous chapters. 
The actual yarn variation values determined from single 
81rand break-tests and from the Uster Teeter are summarized 
in Table 2 and graphically represented in Figure 2. The 
variation values derived from the break-teats are lower in 
all cases than the values determined from the Uster Tester. 
Table 3 shows that the Degree of Perfection value calculated 
from the break-test variation values in the majority of cases 
is less than one. By definition the Degree of Perfection can 
not be less than one. This inconsistency appears to be sig-
nificant and is further discussed in Chapter V. Table 3 also 
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Figure 2. Relationship Between Yarn Counts And 
Coefficient of Actual Yarn Variation 
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obtained by the Dueret aad Bnrlek methoda using the tfeter 
valuee for the actual yarn variation values. 
Tabla 3. Comperleon of Degree of Perfection 
Valuee Computed by Various Methoda 
Sample CV(brcak-tcet) CV(Pster) CV(0stor) 
Humber CVUfoerst) CVlDuersi) CV(Inrick) 
1 1.13 1.96 3.05 
3 1.14 1.93 1.98 
3 1.06 1.85 1.68 
4 0.83 1.89 2.04 
5 0*33 1.87 1.83 
3 0,33 1.49 1.64 
7 0,63 1.31 1.68 
8 0,70 1.60 1.79 
9 0.92 1.51 1.65 
10 0.97 1.44 1.62 
11 0.91 1.43 1.61 
13 1.18 1.70 1.94 
13 0.83 1.41 1.52 
14 0.83 1.30 1.50 
13 0.93 1.37 1.59 
Figure 3 and Tabla 4 ahov the comparison between the 
minimum yarn variation values determined by the Duerst and 
Bnrlek methods. Figure 3 above that the minimum variation 
valuee for both methoda appear to increase parabollcally as 
the yarn count increases. The CV(limit) values for the yarns 
made from American cotton do not agree with the Egyptian 
cotton values. This difference la understandable aa the 
formulas used in the calculation of these valuee included 
fiber fineness which la different for each type of cotton. 
The American cotton values mould fall on a aeparate curve 

















Crosses For CV(Limit) By Due r st ~ 
- Circles For CV(Lisit) By Knrick 











V + • ° 
*> 0 • 
0 
+ 
1 1 1 1 h- 1 1 •! «-H 1— f -
10 20 30 40 50 60 70 80 90 100 110 
Tarn Counts 
Figure 3. Relationship Between Tarn Counts and 




slightly higher than the curve tor Egyptian eotton. 
Table 4. Summery of Minimum Tarn Tarintlon Determinations 
Sanple CT(linit) CT(linit) 
Kurnber by Duerst by Enrich 
1 4.89 4.68 
2 8.31 8.22 
3 9.12 8.97 
4 8.95 8.29 
5 10.28 9.41 
6 11.11 10.10 
7 11.84 10.50 
8 13.18 11.74 
9 12.85 11.50 
10 13.79 12.24 
11 14.56 12.86 
12 15.28 13.41 
13 15.75 14.63 
14 17.30 15.02 
15 18.78 16.16 
Duerst's minimum ynra variation values are slightly 
higher than those determined by Snrlck's method. This 
difference becomes proportionally greater as the yarn counts 
increase. This difference is further emphasised when the 
CY(llmlt) values are squared in Table 5 and illustrated 
graphically in Figure 4. The squared minimum variation 
values lie on straight-line curves as the yarn count in-
creases. The formulas for these curves for the Egyptian cotton 
yarns only mere determined by the method of least squares. 
45 
i 
Tabla 5* Susvary of Squared Taluas of Mlnlaua 
Tarn variation Determinations 
Saaple Slsad (CT-lisit)* (CV-linit) 
Nuaber Counts by Duarst by Bnrlck 
1 9.3 23.91 21.90 
2 22.3 89.06 67.57 
3 28*8 83.17 80.48 
4 29.2 t 80.10 68.72 
5 37.8 105.88 88.55 
6 43.4 123.43 102.01 
7 48.9 135.49 110.25 
8 58.8 173.19 137.83 
9 58.2 185.12 132.25 
10 83.8 190.16 149.82 
11 70.2 211.99 165.38 
12 78.4 233.48 179.83 
13 70.7 248.08 214.04 
14 95.9 299.29 225.60 
15 111.0 351.94 261.15 
Tha nathod for detentlalng thasa fomulas froa tha values 
in Tabla 5 Is fully explained by Brovnloe (28) and la a standard 
statlstloal procedure. Tha foramina can ba used to eatisate 
tha squared nlniaua yarn variation value for a known yarn 
count with tha raatriation notad below on Micron*ire valuas. 
By Dueret'a net hod tha forauia iaj 
T = 3.26X - 15415 (26) 
where i Y - squared value of CV(liait) by Duarst 
X s yarn count for Egyptian cotton with an average 
Micronaire value (Upland Scale) of 3.5 
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By Bnriek'a Method the fonrola la: 
T * 2.351 (27) 
wheres T • squared value of CV(linit) by Sarlefc, 
X s yarn count for Igyptlaa cotton with an average 






















Crosses For (CV-Linit) By Duerst 
Circles For (CV-Linit)2 By Inrick 
Arrows Denote American Cottons 
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Figure 4. Relationship Between Yarn Counts and 





DISCUSSION Off RESULTS 
In Chapter I the hypothesis was aide that the variation 
la the nuaber of fibers per yarn eross section could be 
detemlned from the variation la yarn break-strength if the 
yarn was approximately at maximum twist* Additional cal-
culations were made to establish a comparison between theoretical 
aaxiaua vera twist and Manufactured yarn twist la an attempt 
to explain the inconsistent strength versus weight-per-unit-length 
variation results, Duerst (12) states In his treatise on 
cotton yarn calculations that the maximum yarn twist for 
aaxiaua strength can be deterained by the following formula: 
* * if! <2«) 
where; t s maximum twist 
Lj - effective staple length (grader'a staple length 
for carded yarns and five per cent greater for 
combed yarns) 
u = average nuaber of fibers per cross section dia-
meter determined by formula (15) 
The theoretical aaxiaua twist was calculated by this formula 
and the manufactured twist determined from the Spinner's 
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Rule that twist 1« equal to a Multiple tlaes the square root 
of the yam count. TIM twist Multiples are listed la Tablo 1 
(Chapter III), Tablo 0 suwwarlaes theso calculations for 
scarper lson. Xa uost oaaoa tho yarns tested woro aadortwlstod 
by Duerst^s foramla and would load to tho conclusion that tho 
conditions of tho strength-variation hypothesis had aot boon 
followed. However, Saaplca 1, 2, 3, and 13 aro all sufficiently 
close to waxiaua twist by tho Duerst foramla that tho con-
ditions of tho hypothesis appear to bo satisfied, but Figure 2 
(Chapter XT) shows that tho difference between tho variation 
•aluce is aot particularly larger or smaller than tho dif-
ference for the other yarns. 
Tablo 6. Cosjparisoa of Calculated Tara Maximum Twist 
sad Calculated Tarn Actual Twist 
8amplo Twist Computed actual 
Humber Maximum Tarn Twist 
1 9 . 1 10.4 
2 19.7 17.0 
3 21.7 18.6 
4 23.2 18.4 
5 29.9 20.8 
6 28.8 22.4 
T 30.2 23.3 
8 34.1 26.0 
9 33.3 25.5 
10 35.8 27.1 





14 44.9 •>.••• "'• S3..H 
15 48.6 3 6 . 9 
, i » : ' « 
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CHAPTER TX 
COHCLDSIOKS AND RBCCMDflSNDATIQNS 
In ftay mftaufaetured product ft ccrtftin ftmouat of vftr-
ifttion is Inevitable. Some of this variation is ftttributftblft 
to chance ftnd come of It to assignable cftuses. A manufacturer 
oftaaot ftfford to produce fta uneconomic* 1 product. Xa making 
decisions relfttive to thft economy ftnd ftffieloaoy of producing 
different counts of yftrn some eommoa ataadftrd of eompftrieon 
aust be used. To directly eompftre meftsured yarn vftrlations 
of different yftrn eonata neglects the increasing variations 
attributable to chance cftuses as the yarn counts increase. 
The Degree of perfection technique efts designed te 
avoid this pitfft 11. Its use) permits the comparison of dif-
ferent yftrn couata ftad ftn evftlufttlon of overall product 
•ffloiraey. Thm Manufacturer o«a then dec id* from his know-
ledge of production costsf sales volume, ftad relftted mfttters 
whether it would be aore econoaieftl to discontinue producing 
a certain couat yftra, or whether it would be aore econoaieftl 
la the long run to determine and lower Assignable cftuses of 
product variatioa. The Degree of Ferfeetioa values of all 
counts of yftra produced should be approximately equal. A 
rise la the value for ft certain yftrn would indicate ft possible 
source of trouble. A decrease la the value for ft certftin 
yftra mould indicate the existence of ft possible procedure for 
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reducing assignable variation that sight bo applied to tho 
production of other yarn counts. This could load to an overall 
increase in mill efficiency, fhan yarns aro nada on order, a 
trial run determination of tho Degree of Perfection would 
poralt comparison with tho Mill's values for othor yarns airoady 
being made. This comparison might lndioata that it would bo 
uneconomical for tha will to aooopt a oontraot for a carta in 
count yarn without expensive experimentation and alteration of 
existing production techniques. Tha Dagraa of Perfection tech-
nique could also ha naod by purahasars of yams to evaluate tha 
yams bought against a drnnlr^ standard. 
It has boon determined that the factors affecting 
cotton yarn irregularity are the variation in the number of 
fibers per cross section area and the variation of individual 
fibers themselves. Also, it has been shown that cotton yam 
irregularity has a definite minimum or inherent variation 
which increases as the yarn counts increase. The existence 
of this minimum variation explains the Inaccuracy of attempt-
ing to compare yams of different counts solely on the basis 
of some measurement of actual yarn variation. To compare 
yarns of varying counts the Degree of perfection was utilised 
and defined as the ratio of the actual yarn variation to tho 
minimum y a m variation. The value of this ratio at a minimum 
is one, when the yarn is perfect. For comparison purposes the 
y a m with the lower Degree of Perfection value is the better 
yam. 
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Two aothods of determining the minimum yara variation 
were explained end tested, tad it was found that the Dueret 
method gave higher values thee the Enrich method. Which is 
the hotter method to determine the minimum yarm variation is 
0 difficult question to decide. The theoretical determination 
of minimum yam variation by aurtlndaie appears to he more 
satisfactory from the standpoint of rigid mathematical proof* 
Dueret's theory involves certain empirical relationships that 
prevent rigid mathematical derivation* Practice has shown 
that theme empirical relationships appear to exist and thus 
the writer does mot feel qualified em the hesis of this thesis 
to pass judgment on the best theoretical determination of 
minimum yam variation, or the host method of measuring 
mialmum yam variation. 
However, it is felt that both Duerst sad Knrick have 
neglected one of the factors of yam variation la their 
respective methods of measurement. Their methods are both 
based on the variation la the number of fibers per yarn cross 
section, and utilise the average fiber weight-per-unit-length 
(Xieronaire), This procedure implies that the variation in the 
fibers themselves is either non-existent or negligible la 
relation to the fiber mean value* No Information could be 
found la the literature on the value of the variation among 
the individual fibers in a yarn cross section. 
It is believed that this point should act pass un-
noticed however, as it is difficult to imagine mature producing 
53 
any two items exactly alike. The density of cotton (i.e., 
cellulose) ia eonstant. Fiber finances meeeurescnte measure 
tha fibar linear deneity (weight ~per-unlt-length), but thia 
value ia not constant. The maturity of tha cotton fibera ia 
a measure of the amount of cellulose depoaited oa the inner 
wall of the fiber. It ia poaaible to have two aamplee of 
aottoa fibera of equal flneneea value* (MicronsIre) and equal 
sample weighta. However, if the amount of variation of fiber 
Maturity aere vary Urge ia one eeaple and aery aaall ia the 
other sample, there aould be a eignif leant difference la the 
number of fibera ia each sample. Whether the yarn variation 
values aould be significantly different in the ease of a vide 
variation ia the weight-pcr-unit-length of the fibera need to 
make the yarn ia unknown. The anawer night ahow that the 
individual fiber variation aetually baa a negligible effeet 
compared to the variatioa ia the number of fibera per yarn 
eroaa section, but from a theoretlea.1 atandpolnt thia factor 
should not be ignored. It la reooaasendod that further research 
be conducted to determine the anawer to thia problem. 
The method of determining the actual yarn variation by 
an electronic tenter auch aa the Uster for measuring yarn 
weight-per-unlt-lcngth variation la faater and less subject 
to error than the method of alngle etrend break-teats. The 
fact that a correlation between the two methode may exlat la 
not important to thia thesis. The two methode should have 
produced the sane results and did not. The use of strength 
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variation Taluaa in determining the Degree of perfection 
values gave erroneous results. The use of the single strand 
break-test method requires sore ref Incment in stipulating the 
eondltions under which it could be used. It appeara that the 
electronic tester method would be applicable is all eases. 
The Degree of Perfection values appear to be satis-
factory for comparing yarns of different counts. The entire 
procedure for the determination of these values is lengthy 
and can be simplified for usa as a quality control measure. 
A satisfactory Degree of Perfection value for the yarns being 
produced in a sill can be selected. A straight-line formula 
such as formula (27) or formula (28) can be determined for the 
average fiber fineness used in making the Initial cotton 
blend. This formula can then be used with a desired Degree 
of Perfection value to estimate the actual yarn variation 
desired for a given count yam. 
For example, from Table 3 the desired Degree of Per-
fection value of 1.6 might be selected for both the Duerst 
and Bnrick methods. Them, by the Duerst method the standard 
actual yarn variation formula at an average fineness of 3.3 
mould be: 
standard CV(actual) * 2.89 Voounta - 4.65 (29) 
Also, for the Snrick method the standard yarn variation 
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fomnia at an average fineness of 3.5 would be: 
standard CV(actual) = 2.46 Veounll (30) 
Yarns can then be teatad on an electronic tester such as the 
Uster and their values eoapared directly without extensive 
calculations with a desired standard value. This would appear 
to be a useful quality control measure. 
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i P P U D I X 
Table 7. Determination of Actual (Sized) Tarn Count 
Test Weight Count 
(0*8*8/130 yds) 
1 6.9594 9.3 
3 6.9970 9.3 
3 7.0018 9.3 
Sized Count • 9.3*8 
CV(count) « 0.00 
Sample 3 
1 8.9118 33.3 
3 3.8754 83.5 
3 2.9425 22.0 
Sized Count » 88.39a 
CV(eount) s 1.15 
Senple 3 
1 8.4511 36.4 
3 3.3848 37.3 
3 8,4745 86.3 
Sized Count « 26.6** 
CV(count) - 1.99 
Sample 4 
1 3.3138 39.3 
3 3.2299 29.1 
3 2.3183 39.3 
Sized Count s 39.3V» 
C7 (count) » 0.34 
Test Weight Count 
(Orans/120 yds) 
Sample 5 
1 1.7691 36.6 
3 1.6971 38.3 
3 1.7085 37.9 
Sized Count = 37.6*8 
CV(count) « 3.36 
Sample 6 
1 1.4967 43.3 
8 1.5151 42.8 
3 1.4708 44.1 
Sized Count * 48.4*8 
CV(eount) 3 1.52 
Sample 7 
1 1.3963 46.4 
3 1.3834 46.8 
3 1.3655 47.5 
Sized Count - 46.9*s 
CV (count) - 1.19 
Sample 8 
1 1.1145 58.1 
2 1.0910 59.4 
3 1.1130 58.3 
Sized Count * 58.6*8 
CV (count) « 1.19 
(Continued) 
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Count Tost Woight 
(Grass/120 yds) 
Count 













Sisod Const - S*.2's 
CV(oouat) * 1.83 
81sod Count = 70.7«s 
CV(count) - 1.34 













Sisod Count « 83.8•s 
CV(count) s 0.11 
Sisod Count s 95.9's 
CV(count) s 2.11 













Sisod Count 3 70.29* 
CV(count) = 0.87 
Sisod Count s 111.0'a 








Sisod Count s 76.4's 
CV(count) = 1.73 
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Table 8. Single Strand Break-Test Results 
Breaking Strength (pounds) 
8a.pl e X Sasple 2 8aaple 3 Sanple 4 8anpl e 5o 
3.20 3.35 1.03 1.17 0.97 0.85 1.00 0.94 335 370 
3.35 3.40 0.96 1.25 1.01 0.93 1.07 1.08 325 340 
3.60 3.35 1.01 1.12 0.97 1.16 1.24 0.98 355 315 
3.25 3.50 1.13 1.07 0.94 0.98 1.03 1.03 300 350 
3.45 3.60 1.00 0.97 0.94 1.01 1.07 0.95 385 290 
3.45 3.50 1.03 0.97 0.72 0.87 0.93 1.07 315 335 
3.20 3.45 0.82 0.89 0.82 0.85 1.04 1.08 345 320 
3.30 3.45 0.84 0.94 0.91 0.95 0.91 1.01 275 320 
2.95 3.35 1.09 0.94 1.08 1.01 1.01 1.02 275 275 
3.05 3.15 0.97 1.10 0.94 1.08 0.95 0.99 365 330 
3.20 2.95 1.01 1.04 0.88 1.05 0.97 0.99 345 305 
3.30 3.35 1.12 1.03 0.92 1.01 0.88 0.94 275 355 
2.95 3.10 1.08 1.01 0.77 0.97 0.95 0.95 335 325 
2.85 3.35 1.17 0.87 0.93 0.88 0.96 1.02 350 305 
3.35 3.35 0.94 1.01 1.01 0.85 0.94 1.06 365 345 
3.35 3.20 1.07 1.12 1.00 1.11 0.93 1.13 290 350 
3.35 3.30 1.15 1.07 0.88 0.91 1.07 0.97 325 305 
3.25 3.35 1.12 0.87 0.91 0.86 0.97 0.89 320 290 
3.55 3.35 1.05 1.07 0.94 0.87 0.87 0.89 295 270 
3.50 3.60 1.17 1.05 1.02 0.91 0.94 0.90 330 265 
Average 
3.31 1.03 0.94 0.99 322* 
CV (actual) 




Table 8. Single Strand Break-Teat Resulta (Continued) 
Breaking Strength (Orftas) 
Saaple 6 Sample 7 Saaple 8 Sample 9 Sample 10 
260 320 280 285 240 205 205 280 180 200 
290 290 315 295 260 190 230 230 165 130 
260 305 340 260 240 215 240 230 145 130 
260 305 315 285 235 200 165 225 155 190 
310 315 290 305 185 190 225 225 160 170 
305 265 275 290 235 205 220 215 155 200 
870 335 280 310 225 210 200 240 170 170 
280 315 275 305 195 215 190 235 170 206 
350 265 270 290 220 200 215 210 190 185 
330 315 305 300 220 235 180 225 175 165 
310 330 295 290 230 220 260 220 180 215 
310 355 275 280 200 235 220 220 200 200 
315 315 295 320 230 190 270 190 140 200 
300 340 260 315 185 230 195 230 215 195 
320 335 260 270 210 210 220 240 135 170 
265 275 280 240 230 205 235 170 155 180 
280 345 310 255 220 190 190 200 160 180 
330 275 270 310 180 235 170 240 145 165 
320 265 270 295 185 240 205 240 215 190 
290 285 315 305 200 215 185 215 200 195 
Average 
305 290 214 218 176 
CV (actual) 
9.55 7.28 9.18 11.87 13.44 
(Continued) 
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Table 8. Single Strand Break-Test Results (Continued) 
Breaking Strength (Grams) 
Sample 11 Sample 12 Sample 13 Sample 14 Sample 15 
200 145 125 130 175 150 120 100 95 80 
185 135 160 110 150 135 120 100 95 100 
180 195 150 140 160 145 130 105 80 120 
205 160 170 100 130 120 105 105 75 125 
160 205 130 145 150 135 110 90 85 95 
140 185 140 110 145 120 115 100 100 70 
185 165 135 100 145 110 90 100 100 70 
150 185 100 95 140 130 110 85 115 120 
195 155 145 110 160 120 125 135 130 120 
145 180 118 100 130 130 125 125 120 120 
155 180 130 125 145 130 100 95 95 95 
185 215 120 140 170 125 75 135 115 100 
155 145 120 145 130 150 80 100 85 100 
145 195 125 75 135 170 105 115 125 115 
160 180 105 75 135 110 105 125 95 130 
130 170 120 160 155 180 140 95 85 75 
155 180 140 120 160 145 115 120 115 90 
160 195 115 155 110 155 110 95 85 125 
195 160 95 135 155 150 120 115 90 90 
160 155 130 100 125 145 105 135 115 120 
Average 
170 124 142 110 102 
CV(actual) 
13.19 18.03 12.98 14.28 17.51 
t i 





1 7 .73 * . * 0,30 7.44 
8 8 ,00 s.o 0.04 7.82 
8 t.oe 5.0 0 .01 8 .10 
4 7 .78 4 . 0 0 .02 7.13 
8 7 .78 3 . 0 0 .04 7.33 
• 8*00 
8 .00 «•§, 
0.08 7.80 
7 . •iff 0 .04 7 . Ml 
^ 8 ., • • 2 8 
8 .83 
l . i 0.07 8 .00 
f ' s»» 0 .33 7*04 
V,,U -f*?* ».o 8.40 
C7( f te t i * i ) » 3.89 - U%(&y*rag») s 7.87 
Seaplo 8 
1 18-3 0 . 0 A » W 13.00 
8 14 .0 1.0 0.00 13.44 
8 18 .8 
13.1 
1.0 0 .00 13.30 
4 1 .0 0.00 12.80 
8. 14 .0 
14.1 *.o 
0.02 12.88 
• 3 . 3 0 .00 18.08 
7 1 4 . 8 3 .0 0 .80 12.91 
8 14 .0 3 . 0 0 .00 12.40 
8 14.5 2 . 0 0 .08 13.34 
10 14 .0 2 .0 0.02 12.88 
C7(a*tu01) * 18.24 tf%(8*9l*g») = 13.99 
8*apl« 3 
1 . 14 .0 3 .0 0 .89 12.40 
a 18 .8 3 . 0 0 .80 11.13 
3 12 .8 3 . 0 0 .80 11.18 
4 14 .5 4 . 8 0.04 13.18 
8 14 .0 4 . 0 0.00 12.04 
8 13 .0 S.O 0.00 11.87 
7 13 .0 3 .8 0 .00 11.70 
8 
M t 
3 . 0 § # • 12.48 
t 4 . 0 0 .80 12.00 
10 
» 18.00 ^ 
4 . 0 0 .00 12.00 
C T ( M t v a l ) W ( 3 W l * g * ) z 12.03 
#^« «._.*..•-. _..% 
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Table 9. Tim Variation By Uster Tester (Continued) 
Reading Integrator Average Correction u% 
SusDer W value Factor 
Staple 7 
1 17.8 5.0 0.83 14.53 
2 18.0 5 .5 0.82 14.76 
3 17.0 4 .5 0.84 14.26 
4 16.8 4 . 0 0.86 14.19 
5 16.0 3 . 0 0.89 14.24 
6 16.5 4 . 0 0.86 14.19 
T 16.5 4 .5 0.84 13.86 
8 16.5 5 .0 0.83 13.70 
9 16.0 4.6 0.84 13.44 
10 16.0 4 .0 0.86 13.76 
CV(aetuftl) = 17.62 U%(arerage) » 14.10 
Sample 8 
1 16.5 0 .5 0.98 16.17 
2 17.5 2 . 0 0.92 16.10 
3 18.0 2 .0 0.92 16.56 
4 19.0 3 . 0 0.89 16.91 




7 19.0 2 . 8 0.90 17.10 
8 19.5 2 . 5 0.90 17.55 
9 18.0 1.5 0.94 16.92 
10 17.0 0 .9 0.98 16.66 
CV(aetuai) s 21.06 f)% (average) = 16.85 
Staple 9 
1 18.5 3 . 0 0.89 16.47 
2 17.0 3 . 0 0.89 15.13 
3 18.0 3 . 0 0.89 16.02 
4 17.5 2 . 5 0.90 15.75 
5 16.5 2 . 0 0.92 15.18 
8 16.0 2 . 0 0.92 14.72 
7 15.5 1.5 0.94 14.57 
8 16.0 2 . 0 0.92 14.72 
9 16.0 2 . 0 0.92 14.72 
10 16.0 2 .0 0.92 14.72 
CV(actuai) • 19.00 U%(arerage) m 15.20 
(Continued) 
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Table 0. Tarn variation By Uster Tester (Continued) 
Reading Integrator Average Correction 0% 
Number U% Value Factor 
Sample 10 
1 18.5 2 . 5 0.90 14.85 
2 17;0 3 . 5 0.87 14.79 
3 19 ,0 4 . 0 0.86 16.34 
4 18.0 3 . 0 0 .89 16.02 
5 19.0 3 . 0 0.89 16.91 
6 17.5 3 . 0 0 .89 15.58 
7 19 .5 5 .0 0.83 16.19 
8 20 .0 4 . 5 0 .84 16.80 
9 18.0 4 . 0 0.86 15 .48 
10 19.0 4 . 5 0.84 15.96 
CT(aetual) 2 19.87 tft(average) - 15.89 
Sample 11 
1 18.0 1 .5 0.94 16.92 
2 15.5 1 .0 0.96 14.88 
3 16.5 1 .5 0.94 15.51 
4 18.0 2 . 0 0 .92 16.56 
5 18 .0 3 . 0 




— * - - — " - 16.92 
7 19.0 1 .0 0.96 18.24 
8 19.0 1 .5 0.94 17.86 
9 17 .5 2 . 0 ' 0 .92 16.10 
1 0 1 9 . 0 3 . 0 0 . 8 9 16.91 
CV(actual) s 20.74 U%(average) = 16.59 
Sample 12 
1 20 .0 
2 20 .0 
3 20 .0 
4 20 .0 
5 19 .0 
6 19 .5 
7 20 .0 
8 19.0 
9 19.5 
10 20 .0 
CV(aetuai) = 25.97 
- 2 . 0 1.09 21 .80 
- 2 . 0 1.09 21.80 
- 1 . 0 1.04 20.80 
- 1 . 0 1.04 20.80 
- 1 . 0 1.04 19.76 
- 0 . 5 1.02 19.89 
- 1 . 0 1.04 20 .80 
- 1 . 5 1.07 20 .33 
- 1 . 5 LOT 20.87 
- 1 . 0 1.04 20 .80 
U%(average) - 20 .77 
(Continued) 
66 
Table 9. Tarn Variation By Ueter Tester (continued) 
Reading Integrator Average Correction TO 
Ninber TO value Factor 
Saaplc 13 
1 18.0 0 .0 1.00 18.00 
2 18*0 0 .0 1.00 18.00 
3 17,5 -0 .5 1.02 17.85 
4 17.5 0 .0 1.00 17.50 
5 17.5 0 .5 0.98 17.15 
6 18.0 1.0 0.96 17.28 
7 17.5 0 . 5 0.98 17.15 
8 19.5 1.5 0.94 18.33 
9 18.5 0 .5 0.98 18.13 
10 19.5 1.0 0.96 18.72 
CV(actual) - 22.26 TO(average) = 17.81 
Sanple 14 
1 18.0 -1 .0 1.04 18.72 
2 17.0 -2 .0 1.09 18.53 
3 17.5 -1 .0 1.04 18.20 
4 18.5 0 . 0 1.00 18.50 
-=-^ = 
1 T ; u — — -r.d ~ T704 17.68 6 17.0 -1 .0 1.04 17.88 
7 17.5 0 .0 1.00 17.50 
8 18.0 0 .0 1.00 18.00 
9 17.0 0 .0 1.00 17.00 
10 18.0 0 .0 1.00 18.00 
CV(actual) n 22.48 TO(average) s 17.98 
Sample 15 
1 19.0 -0 .5 1.02 19.38 
2 18.5 -1 .5 1.07 19.79 
3 18.5 -2 .5 1.12 20.72 
4 20.5 -2 .0 1.09 22.35 
8 21.0 -3 .0 1.14 23.94 
6 19.5 -2 .0 1.09 21.26 
7 18.5 -2 .0 1.09 20.17 
8 18.5 -2 .0 1.09 20,17 
9 18.0 -2 .0 1.09 19.62 
10 17.0 -2 .0 1.09 18.53 
CV(actual) « 25.74 U%(average) s 20.59 
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